Abstract
Introduction

Alzheimer's disease (AD) is an age-related neurodegenerative disorder characterized by the irreversible and progressive loss of memory, and the deterioration of higher cognitive functions. The brain of an individual with AD exhibits extracellular senile plaques of aggregated ␤-amyloid peptide, intracellular neurofibrillary tangles that contain hyperphosphorylated forms of the microtubuleassociated protein (MAPT) and a profound loss of basal forebrain cholinergic neurons that innervate the hippocampus and the neocortex
. We initiated fundamental gene expression analyses using the cDNA subtraction technology to explore the cause of neuronal degeneration in AD and identified several genes, including the novel gene myelin-associated neurite-outgrowth inhibitor (MANI) , that demonstrated altered expression in AD brains [4, 5] [6, 7] [8, 9] . Our [12, 13] .
. Regeneration of injured neurons in the central nervous system (CNS) is prevented by myelin-associated inhibitor proteins such as myelin-associated glycoprotein (MAG), oligodendrocyte myelin glycoprotein (OMG) and Nogo (also known as reticulon 4 (RTN4)) by inhibiting neurite outgrowth
. Because genetic deletion of Nogo receptor (NgR) demonstrated only moderate recovery effect, other neural proteins might convey the effect of Nogo and its related members
Materials and methods
Human patients
Patients with sporadic AD (early stage; low incidence) and Parkinson's disease (PD) (Tables S1 and S2) received a pathological diagnosis of AD according to the criteria of the Consortium to Establish a Registry for AD (CERAD) and the Braak stage [10, 11], and a neuropathological diagnosis of PD as described in the Supplementary Information document ('Materials and methods')
RNA isolation
RNA samples were extracted from human tissue. The RT-PCR method was used for mRNA expression analyses as described previously [4, 14, 15] .
Animal materials, immunocytochemistry (ICC), immunohistochemistry and NSCs culture Experimental methods, including the killing of animals, were performed in accordance with the International Guiding Principles for Animal Research (WHO) and were approved by the local Institutional Animal Care & Use Committee (NTU-IACUC). Mouse tissues were isolated (C57BL/6J mice from the Animal Facility Centre at the National University (NUS) of Singapore) after humane killing of the animals using approved anaesthetic methods to isolate NSCs. Mouse brain perfusion, NSC culture (proliferation and differentiation)
and IHC were performed according to previous reports [16] [17] [18] [19] . [4, 14] . The CG4 (oligodendrocyte progenitor) cell line culture was performed according to previous descriptions [20] . Fig. 1A-D; Fig. S2 [antibody specificity analysis] and Table S1 ). Because of our limited access to human tissue, we confirmed the down-regulation of Mani at protein levels in AD using an AD mouse model (Fig. 1E) .
cDNA cloning and MANI sequence analyses
PC12 and NSC transfection
Results
MANI protein sequence analyses
Next, we investigated the influence of Mani on amyloid precursor protein (App), which is known to be crucially involved in neurodegenerative processes of AD [2] . Thus (Table S2) . Surprisingly, we detected MANI only in neuronal fibres near the sn; in fact, IHC indicated a strong staining of the myelin sheets, suggesting that MANI is expressed specifically in myelinated neurons (Fig. 3 ). 
Expression of MANI in brains from patients with Parkinson's disease
In lieu of our observation of higher Mani expression in the catecholaminergic (tyrosine hydroxylase-positive [Th ϩ ]) PC12 cells and in line with the gene database (NCBI) indicating that the mouse sequence of Mani is expressed in the thalamus as well as in dopaminergic neurons of the substantia nigra (sn), we investigated the expression of MANI in the brains of human patients with PD
Subcellular localization of Mani
We next investigated the subcellular localization of Mani to obtain more information about its distribution and site of activity in the cell. Mani was particularly localized to neuronal cell membranes in the mouse brain hippocampus, sn and cortex tissue (Figs 4 and S5), with a specific co-distribution with Th ϩ neurons as assessed by IHC. Figure 4 demonstrates a similar staining pattern of Mani and Mtap2 in the cortex and the CA1, CA2, CA3 and dentate gyrus formation of the hippocampus suggesting its presence on the membrane of neuronal cell bodies and axonal fibres. We also performed IHC of Mani and Mapt substantiating the presence of Mani in neuronal axons (data not shown). Next, to answer if Mani localizes to oligoglial cells, we performed a co-staining of Mani and myelin basic protein (Mbp) and found its presence in neuronal axons but not oligodendrocytes (Figs 3 and S5). A further detailed IHC study demonstrated neural localization of Mani within the periaqueductal grey (PAG)-substantia gelatinosa (SG) pathway (Figs S6 and S7). To provide additional evidence about the membrane association of Mani, we performed a subcellular protein fractionation and found that Mani falls mainly within the membrane fraction obtained from PC12 cells (Fig. S8).
Characterization of Mani's function on neuronal survival and differentiation
The effect of Mani on NSCs differentiation
For additional functional investigations of Mani, we continued our studies with NSCs (E14) (Fig. 5 ). As shown in (Fig. 5B) Fig. 5C with Fig. 2B ).
Effect of Mani on neuronal survival
To further unravel the function of Mani, it was knocked down by the siRNA technology and a significant reduction in cell survival was observed (Fig. 6A) (Fig. 7C and D) . (Fig. 7B) (Fig. 7B) and Ccnd1 (Fig. 8G) [19, 25] . Thus, concluding that Mani does not inhibit differentiation; rejecting our first hypothesis. [26] .
The observation that the gain of Mani function inhibited neurite outgrowth whereas the loss of Mani function exhibited the opposite effect could be due to (i ) Mani inhibits Ngf-mediated cell differentiation or (ii) Mani inhibits Ngf-stimulated neurite outgrowth formation. Because Mani promoted higher differentiation in NSCs, the first hypothesis is less likely to be the reason. To test this, we fathomed the Ngf signalling pathways involved in the differentiation of PC12 cells in both Mani-and mock-transfected cells. Manitransfected PC12 cells demonstrated higher expression and activity of proteins involved in neuronal differentiation and survival, such as phosphorylated Mapk1/3 and Akt
upon Ngf stimulation indicating that Mani negatively regulates Stat3 activation. It has been reported that negative regulation of Stat3 phosphorylation is necessary for neurogenesis confirming that Mani-transfected cells are more prone to differentiate into neurons (Figs 5 and 7B)
Regarding the second hypothesis, observed activation of Akt in response to Mani (even in the absence of Ngf) is in agreement with a previous study demonstrating that higher activity of Akt inhibits Ngf-mediated neurite outgrowth in PC12 cells
Moreover, Mani-transfected PC12 cells demonstrated an increased level of Stmn2, a neuron-specific stathmin protein that is enriched in the growth cones of developing neurons to enhance microtubule dynamics, possibly through increasing the frequency of catastrophe [27]. A recent report has shown that Stat3 is not only acting as a transcription factor in the nucleus but might also be essential for the modulation of the microtubules network in the cytoplasm by binding to the C-terminal tubulin-interacting domain of Stmn2 and thereby antagonizing its microtubules destabilization activity [28]. Thus, the down-regulation of Stat3 activation by Mani may block the interaction between Stat3 and Stmn2; thereby inhibiting neurite outgrowth in PC12 cells upon Ngf stimulation.
Fig. 7 Mani inhibits neurite outgrowth. Expression of Mani in PC12 cells inhibits Ngf (100 ng/ml)-induced neurite outgrowth and modulates the expression of pivotal cell signalling molecules. Control (mock/GFP transfected; left panel) and Mani-transfected (right panel) PC12 cells were incubated in the presence of Ngf to induce neurite outgrowth. Pictures were taken on the 6th and 12th day of Ngf stimulation. Whereas the control cells showed a normal neurite network, Manitransfected cells exhibited no or little response to Ngf, as demonstrated by the significantly inhibited neurite outgrowth, even after 12 days. Scale bar ϭ 50 m (A). PC12 cells were grown and differentiated with Ngf, and lysates were prepared on the 6th and 12th day of induction, followed by Western blot analyses (C ϭ control [mock/GFP transfected], Mani ϭ Mani transfected). Mani-transfected cells displayed altered expression and phosphorylation (p-) levels of various signalling molecules. * indicates shortterm induction with Ngf, as Stat-3-Ser-727 is transiently activated first, prior to Stat-3-Tyr-705 [23]. Mani itself was down-regulated upon Ngf stimulation (B). PC12 cells were grown and differentiated via application of Ngf for 10 days in the presence of either the Mani antibody or a random unspecific antibody (xAb). As shown in (ii), the presence of the ManiAb enhanced Ngf-induced neurite outgrowth. Scale bars ϭ 50 m (C). Statistical evaluation of the neurite outgrowth described in (C, i-iii). Data represent mean Ϯ S.D. of three independent experiments each done in duplicates (*P Ͻ 0.05 compared with controls (no antibody added [C, i]) (D).
Rho GTPases, Rhoa, Rac and Cdc42, are key regulators of the actin cytoskeleton, and they have all been implicated in dendritic spine formation, shape and synaptogenesis, as well as in neuronal axon specification and elongation [29] . Thus, with respect to the observation of Mani-inhibited neurite outgrowth, we investigated this signalling cascade and found that Mani-transfected PC12 cells exhibit significantly decreased Cdc42 expression (Fig. 7B) 
(C). Effect of Cdc27-ko by Cdc27-siRNA on Ngf-induced (10 days) neurite outgrowth in PC12 cells. Control cells were transfected with GFP (mock-(empty siRNA-GFP vector) only. Whereas Cdc27-ko cells demonstrated longer neurites compared with control cells, the response of Mani-transfected (ϩMani) cells was poor. Scale bars ϭ 50 m (D). Quantitative neurite outgrowth estimation demonstrates that Cdc27-ko by siRNA resulted in longer neurites upon Ngf stimulation. Cells were treated as in (D). Data represent mean Ϯ S.D. of three independent experiments (n ϭ 3 data sets), each performed in duplicates (*P Ͻ 0.05 compared with controls and GFPtransfected cells) (E). Western blot analysis of control (C ϭ GFP transfected) and Mani-transfected PC12 cells synchronized for 38 hrs with aphidicolin (ϩ38) prior to incubation for an additional 24 and 48 hrs without aphidicolin (-24, -48), respectively (F). Western blot analysis of control and Manitransfected cells, which were first synchronized with aphidicolin and then stimulated with Ngf for the indicated times (G). Effect of Mani on the cell cycle. Cell cycle analysis was performed with PC12 control cells (transfected with GFP only ϭ C) and PC12 cells transfected with Mani ( ϭ Mani). The DNA content is represented by propidium iodide (PI) fluorescence intensity for 1 ϫ 10 4 cells under each condition. Mani-transfected cells (both PC12 and NSCs) have a tremendous capacity to cross the G1/S and G2/M restriction points. The percentage of cells in the various cell cycle phases for the indicated experimental conditions, as indicated, is shown (H-K). Cell cycle analysis of unsynchronized control (ϭ C, mock/GFP-transfected cells.) and Mani-transfected (ϭ Mani) PC12 cells (H). Cell cycle analysis of synchronized PC12 cells treated for 38 hrs (~1 cell cycle generation) with aphidicolin before allowing the cells to re-enter the cycle for 24 hrs (I). Cell cycle analysis as in (H), in which the cells were allowed to re-enter the cell cycle for 48 hrs (J). Cell cycle analysis of unsynchronized control (ϭ C) and Mani-transfected (ϭ Mani) NSCs. Evaluation of the cell cycle analysis performed in H-K reveals that Mani drives the cells out of G1/G0, beyond the restriction point, into the G2/M phase. Data represent mean Ϯ S.D. of four independent experiments (n ϭ 4 data sets), each performed in duplicates (*P Ͻ 0.05 compared with controls [C]) (K).
apoptosis or in the progression of the cell cycle such as Cdc27 (Table S3 ). (Fig. 8A) . ICC demonstrated that Mani and Cdc27 were partially co-localized (yellow) in differentiated PC12 cells (Fig. 8B) . (Fig. 8C) Fig. 8D and E) .
It is noteworthy that Mani-transfected PC12 cells demonstrated higher Cdc27 protein levels, whereas knockdown of Cdc27 did not significantly affect Mani protein levels, indicating that Cdc27 is downstream of Mani in the signalling cascade
Because Mani interacts with Cdc27, a component of the APC that plays a key role in the control of the cell division cycle, we proceeded to determine the expression levels of cell cycle-related proteins in aphidicolin synchronized as well as in Ngf-treated PC12 cells [30] . To our surprise, the endogenous levels of Ccna1, Ccnb1 and Cdk2 were significantly up-regulated, whereas Ccnd1 remained at low levels in Mani-transfected cells (Fig. 8F) (Fig. 8F) as well as Ngf-treated cells (data not shown) [31] . Moreover, expression of the cyclin-dependent kinase inhibitor Cdkn1a (also p21waf1) was inhibited leading enhanced Cdk2 expression and activity in Mani-overexpressing PC12 cells (Fig. 8G) . [32] . (Fig. 1F) [8, 45] and that Nogodeficient mice are viable without any obvious neuro-anatomical phenotypes or neurological defects [46, 47] [20] confirms the model of a cytoplasmic N-terminus and two transmembrane domains. As other proline-rich membrane-associated proteins MANI is highly glycosylated (Fig. S4) (B) . 
. Cdk2 is known to form a complex with Ccne1 to cross the G1-S checkpoint and subsequently with Ccna1 to progress through the S-phase, thus the expression level of Ccne1 was investigated. Manitransfected cells revealed a higher Ccne1 level during the synchronized state. This suggests that Mani-transfected cells have a higher tendency to cross the G1-S and G2-M checkpoints and to enter mitosis, which was confirmed by the increased level of phosphorylated Hist3 (a marker of mitotic cells) observed in Mani-aphidicolin synchronized
These results further verify the enhanced proliferative capacity of Mani-transfected cells and provide additional support to its role in inhibiting Ngf-induced neurite outgrowth in PC12 cells. Conversely, control (mock-transfected) PC12 cells showed a normal response to Ngf with elevated Ccnd1 levels whereas Mani maintained the cell in the G2/M phase with reduced Ccnd1 levels. This correlates with previous findings that Ccnd1 down-regulation (and cytoplasmic sequestration) is a key event in neural progenitor cell survival and differentiation into post-mitotic neurons
Discussion
In the present study, we characterized the novel protein Mani that showed relatively lower expression levels in AD brains. Of particular interest is the observation that Mani has a tissue-specific protein expression pattern, with high expression in the CNS
